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While the model of apprenticeship training in surgery remains relevant, the emergence of technically demanding disciplines such as arthroscopy, combined with a reduction in operating opportunities for trainees, has resulted in steep learning curves in orthopaedic surgery. [1] [2] [3] [4] [5] [6] [7] [8] The increases in time constraints and difficulty have led to a search for alternative means of surgical education. [9] [10] [11] Multiple studies have investigated the length of time taken to achieve competency in orthopaedic procedures and have highlighted that outcomes are significantly worse when an inexperienced surgeon is operating. [12] [13] [14] [15] Although it is not possible for every case to be performed by an expert, these poor outcomes mandate the formation of a strategy for overcoming this initial learning curve.
Over the last decade, there has been increasing investigation of the potential role of virtual reality (VR) simulation in solving this problem. This technology involves the computer-generated simulation of three-dimensional images or environments with which the learner can interact in a seemingly real or physical way. Advances in this field have prompted a rapid expansion in the number of commercially marketed surgical simulators, with more than 400 models currently available. 16 As surgical procedures can be deconstructed into a series of steps in which a learner can be trained and assessed, many simulators focus on the particular surgical skills involved in one of these steps, enabling deliberate practice of important and common aspects of procedures. These skills can be practiced efficiently until competency is acquired without exposing patients to undue risk.
The technology lends itself to those procedures that can be replicated on a two-dimensional display and so there is a particular interest in its use for training in arthroscopic surgery. As
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arthroscopic procedures represent an expensive proportion of the workload of the modern orthopaedic surgeon, additional increases in efficiency and patient safety are very attractive. 17 However, before introducing VR simulators in orthopaedic surgical training, it is important to demonstrate measurable and cost-effective benefits. These may be considered in terms of validity of the simulator, whether objective or subjective (Table  I) , and by an individual's progression along a learning curve. It must further be demonstrated that these improved skills in the simulated environment can be transferred to operative practice, termed concurrent validity. This review aims to evaluate whether sufficient evidence exists to support the use of VR simulation in training orthopaedic surgeons.
Materials and Methods
A literature search using the MEDLINE, Embase, and Google Scholar databases was performed in July 2017. No date restrictions were specified. The search was performed with the terms "virtual reality" and "surgery", yielding 1643 articles published between 1993 and 2017. These results were then refined to those with "orthopaedic", "orthopedic", "fracture", "spine", "hip", "knee", "shoulder" or "arthroscopy" in the title, yielding 149 papers published between 1994 and 2017. Each abstract was then examined for relevance, and the article's references examined. Articles discussing low-fidelity simulators were excluded from this study, unless used for comparison with VR simulators. Furthermore, studies solely assessing subjective measures such as face and content validity were excluded.
Results
A total of 31 articles addressing the objective validity and efficacy of specific virtual reality orthopaedic surgical simulators, published between 2004 and 2017 were identified. Of these, 18 assessed the construct validity of simulators designed for training surgeons in various procedures or their component parts, including knee arthroscopy, shoulder arthroscopy, hip arthroscopy, fracture fixation, orthopaedic drilling, and generic arthroscopic skills. Eight studies investigated skill progression on a simulator: four in knee arthroscopy, one in hip arthroscopy, one shoulder arthroscopy, and two assessing fracture fixation. Five studies (four of knee arthroscopy, one of shoulder arthroscopy) were found that reported the concurrent validity of VR simulators. Studies assessing construct validity. Multiple studies have demonstrated the construct validity of simulators by showing a correlation between a surgeon's experience and their performance on a simulator. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The procedures where this has been reported include diagnostic and therapeutic knee, hip and shoulder arthroscopy, hip fracture fixation, the fixation of complex intra-articular fractures and basic orthopaedic skills, including drilling (Table II) . Studies assessing learning curves. A number of studies have investigated the improvement in trainee performance on a VR simulator over the course of a training session, or sessions, demonstrating progression along a learning curve (Table  III) . 26, [36] [37] [38] [39] [40] [41] [42] Pollard et al 38 demonstrated this learning curve for simulated hip arthroscopy with the patient in both lateral and supine positions, measuring time taken, the total path-length of the hands and the number of hand movements, for 20 orthopaedic trainees with minimal hip arthroscopy experience. A similar learning curve was demonstrated using the Sheffield Knee Arthroscopy Training System (University of Sheffield, Sheffield, UK) in both experienced and inexperienced individuals, and a passive haptic knee arthroscopy simulator in medical students. 26 A particularly steep learning curve was noted in a similar study by Rahm et al 41 when using a passive haptic knee arthroscopy simulator.
The insightMIST (3D Systems, Rock Hill, South Carolina) shoulder VR simulator has also been shown to provide learner progression, supporting VR simulation in shoulder surgical training. 37 Two studies conducted by Sugand et al 40, 42 have explored the training effect of both the TouchSurgery application (TouchSurgery Labs, London, United Kingdom) and the TraumaVision Dynamic Hip Screw VR (Swemac, Linköping, Sweden) simulator (3D Systems, Rock Hill, South Carolina), showing progression by medical students and surgical trainees respectively.
The retention of the skills acquired during simulation have also been investigated. One study evaluating manipulation of Correlation between simulator performance and real-world performance *Psychomotor fidelity describes the degree to which a simulation produces the sensory and cognitive processes within the trainee as they might occur in the operating theatre; it is not restricted to the physical fidelity of the simulation (ie how visually realistic it is)
the arthroscope demonstrated limited degradation of skills at four weeks post-training, and another study of simulated arthroscopic meniscal repair showed improved simulator performance as long as six months after an initial training session.
36,39
Studies assessing concurrent validity. A small number of studies have attempted to assess the concurrent validity of several VR simulators, with positive results (Table IV) . [43] [44] [45] [46] [47] Cannon et al 43 showed orthopaedic residents who had undergone VR simulator training outperformed their control group counterparts at probing scale scores and self-defined global rating scale scores during diagnostic knee arthroscopy in vivo. However, procedural checklist scores were not shown to be significantly different, which has been attributed to the influence of an extreme outlier. These benefits in knee arthroscopy were also assessed by Camp et al, 45 who compared the improvements in performance to those seen in another group trained on cadaveric specimens. Contrary to these promising results, Rebolledo et al 46 reported no significant benefit derived from two and a half hours of knee arthroscopy simulation training in orthopaedic residents whose performance was subsequently assessed on cadaveric models. This study did, however, show significant improvements in shoulder arthroscopy performance. Concurrent validity of VR simulation of shoulder arthroscopy has also been demonstrated in a singleblinded study using 22 orthopaedic surgeons -12 of whom received a total of one hour of VR training over three months, and 10 who received none. The VR trained group showed improved time, probe distance travelled and safety when compared with controls. 44 Banasezek et al 47 assessed improvements in arthroscopic performance for 16 medical students trained for six to eight hours on either a VR knee arthroscopy simulator or a lowfidelity bench-top simulator, when compared with untrained controls. They reported higher validated Global Rating Scales scores in those who had undergone high-fidelity VR training than in the low-fidelity and untrained control groups when performing diagnostic and probe examinations on cadaveric knees. The study also assessed participants' ability to transfer arthroscopic skills with an "untrained surprise task" in the form of a partial medial meniscectomy, which 31% of the VR-trained group were able to complete, by comparison with 0% of the low-fidelity and untrained groups.
Discussion
Although the evidence of construct validity and progression with many simulators is promising, this neither confirms nor quantifies any benefit to trainees. To date, while those studies that have examined the effect of simulator training on performance in the operating theatre support the use of simulation, they are few in number. [43] [44] [45] [46] It is in this area of transferability that supportive evidence is lacking when compared to other surgical specialties. Multiple studies have demonstrated a 'real-world' benefit from the use of Knee arthroscopic ability on a cadaver knee in a simulated intra-operative environment using the validated Global Rating Scale, 49 arthroscopic checklist, and procedural time -for both diagnostic examination and probing examination; additionally, participants were given an untrained task (partial medial meniscectomy) to assess skill transfer, which was assessed using the same metrics as above VR-trained participants outperformed both lowfidelity trained and control groups when assessed with the GRS, for diagnostic examination, probe examination, and partial medial meniscectomy; no difference was observed between arthroscopic checklist completion between the VR and lowfidelity trained groups for the diagnostic and probe examinations, although both groups outperformed the untrained controls; 31% of participants were able to complete the partial meniscectomy vs 0% in the low-fidelity and control groups; VR-trained and low-fidelity groups showed significantly lower procedural times vs controls, but were not significantly different from each other.
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laparoscopic simulators, resulting in their widespread use in the training of general surgeons. [50] [51] [52] [53] Banasezek et al's 47 inclusion of a "surprise" task could, however, be argued to provide evidence of general benefits of VR in orthopaedic training. More investigation of costs and benefits of simulators of other orthopaedic procedures is required before their implementation into training curricula can be justified.
VR simulation may prove to be less cost-effective than other means of surgical education, such as the use of cadavers or lowfidelity simulators. Camp et al 44 found that a VR-trained group improved at half the rate of a cadaveric-trained group and suggested that the simulator would be cost-effective if used for a minimum of 300 hours per year. This supports the concept of centralized or shared VR training facilities. As technology advances and the price of simulators decreases, the cost efficiency is likely to increase. Furthermore, it should be noted that one of the tested simulators, TouchSurgery is a free application and so any benefits are inherently cost-efficient. It is, however, a non-haptic decision-making simulator, lacking the psychomotor fidelity of more sophisticated simulators, and is yet to be shown to have concurrent validity.
Despite limited evidence supporting orthopaedic VR simulators, cost efficiency of simulator systems in other specialities has already been demonstrated. Kunkler 54 argued that the cost of setting up a simulation centre was offset by the savings associated with reduced procedure time and reduced expenditure on instructors and equipment for traditional training. It was estimated that one simulator system saved in excess of $160 000 in six months, and another returned its investment within 131 days.
In order to evaluate VR simulation further in orthopaedic training, researchers should draw from the aviation industry's use of the 'Transfer Effectiveness Ratio' (TER), the only validated measure of cost effectiveness. 55, 56 This is used to quantify the difference between virtual reality and real life in terms of the time required to achieve fully competent performance, with a ratio of 0.50 indicating that one hour of simulator training saves approximately 30 minutes of operative time. To allow direct comparison with other training techniques, TERs would have to be calculated for other training methods and analyzed in conjunction with the costs associated with each method.
Despite the fact that many of the simulators used in the cited studies were able to distinguish between 'experts' and 'novices', many found limited ability to differentiate between 'intermediates' and 'experts', suggesting limited verisimilitude to the real-world procedure. This may be because many studies used the cumulative number of procedures performed over a career (or several years) to differentiate 'experts' and 'intermediates', whereas 'intermediates' may have performed more arthroscopies in a more recent, shorter timeframe and therefore perform disproportionately well. There was also inconsistency in the objective measures used by the various simulators, with only a handful displaying discriminatory capacity (Table II) . This highlights the importance of selecting appropriate measures of performance for assessment.
Although arthroscopic simulators have contributed to the majority of the studies discussed here, simulations of fracture fixation and orthopaedic drilling are also available. Studies of such simulators have also demonstrated construct validity and learning curve progression but evidence of concurrent validity is still lacking, but remains vital to demonstrate any postulated benefits. [18] [19] [20] 24, 34, 40 In conclusion, the demonstration of 'real-world' benefits to orthopaedic surgical training of two previously validated simulators for knee and shoulder arthroscopy is highly promising. More investigation of other simulators and of the cost efficiency of the two validated simulators is needed before their implementation into training curricula can be robustly championed. Future research should draw from the aviation industry's TER, allowing direct comparison of the cost efficiency of VR orthopaedic simulators and that of other means of surgical education.
Take home message:
-Increasingly complex procedures and reduced time in theatre makes for steep learning curves in modern surgery -There is a growing body of evidence showing the benefits to the trainee of VR simulation -Expanding the evidence base demonstrating improved operating theatre performance with VR simulation is mandated before its use can become widespread
Twitter
Follow V. Khanduja @vikaskhanduja
